Two-dimensional aluminophosphate is an important precursor of phosphate-based zeolites; a new Sun Yat-sen University No. 6 (SYSU-6) with |Hada| 2 [Al 2 (HPO 4 )(PO 4 ) 2 ] has been synthesized in the hydrothermal synthesis with organic structure-directing agent (OSDA) of N,N,3,5tetramethyladamantan-1-amine. In this paper, SYSU-6 is characterized by single-crystal/powder X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray analysis, transmission electron microscopy, infrared and UV Raman spectroscopy, solid-state 27 Al, 31 P and 13 C magic angle spinning (MAS) NMR spectra, and elemental analysis. The single-crystal X-ray diffraction structure indicates that SYSU-6 crystallized in the space group P2 1 /n, with a = 8.4119(3), b = 36.9876(12), c = 12.5674(3), α = 90 • , β = 108.6770(10) • , γ = 90 • , V = 3704.3(2) Å 3 , Z = 4, R = 5.12%, for 8515 observed data (I > 2σ(I)). The structure has a new 4,12-ring layer framework topology linked by alternating AlO 4 and PO 4 tetrahedra. The organic molecules reside between the layers and are hydrogen-bonded to the inorganic framework. The new type of layer provides a greater opportunity to construct zeolite with novel topology.
Introduction
Following the discovery of microporous aluminophosphates (AlPO) [1] , there has been considerable interest in developing new aluminophosphate compounds with novel framework structures because of their potential application in catalysis, adsorption, and separation. Among AlPObased molecular sieves, 2-dimensional (2-D) layered structures are significant since they have more accessible surfaces in the applications [2] . Moreover, they can be used as precursors to synthesize 3-dimensional (3-D) framework, such as zeolite [3, 4] .
As early as 2003, Yu et al. [5, 6] provided an excellent review of the rich structure chemistry of aluminophosphate including 3D neutral open framework, anionic open framework, low-dimensional anionic framework. Furthermore, the same group built a database to enumerate the scientific reports of aluminophosphate with a topological independent structure [7, 8] . The structural and compositional richness of AlPOs is attributed to the diverse coordination of Al and P atoms. The majority of AlPO molecular sieves are based on a four-connected network of corner-sharing tetrahedra, i.e., AlO 4b Al and P; t: terminal O) . Layered AlPOs exhibit a diversified Al:P ratios (i.e., 1:1, 1:2, 2:3, 3:4, 4: 5 and 13:18) as aluminum can adopt a configuration of tetrahedral, bipyramidal or octahedral, etc. [7] . For comparison, here we only address the 2-D AlPO with Al:P ratio 2:3 and framework composition [Al 2 (HPO 4 ) x (PO 4 ) 3-x ] ( 3-x)− (x = 1 or 2). Table 1 summarizes 13 examples currently known, including the one described below, which can be assembled from combinations of AlO 4 , AlO 5 , AlO 6 , and PO 4 polyhedra. 13 distinct layer topologies have been identified, all of which contain 4-membered rings of alternating Al-and P-based polyhedra together with 6-rings, 8-rings, or 10-rings. In the present work, we report the synthesis and characterization of Sun Yat-sen University No. 6 (SYSU-6) with molecule formula |Hada| 2 [Al 2 (HPO 4 )(PO 4 ) 2 ], a new two-dimensional aluminum phosphate with an Al:P ratio of 2:3, containing interlayer organic structure-directing agent (OSDA), N,N,3,5-tetramethyladamantan-1-ammonium (abbreviated as ada) cations. In this paper, the relationship between SYSU-6 and 2.2.3.2.002 is discussed, due to the similarity of the structures. 
Results and Discussion
The experimental powder X-ray diffraction (PXRD) pattern and the simulated X-ray diffraction (XRD) pattern of compound SYSU-6 based on single-crystal X-ray diffraction structure are shown in Figure 1a . The peak positions of both patterns were in agreement with each other, suggesting the phase purity of the as-synthesized compound. Unfortunately, SYSU-6 shows poor thermal stability. The structure of SYSU-6 collapses and transforms into dense tridymite upon calcination at 550 • C (SYSU-6-cal). The preferred orientation effect is responsible for the differences in intensity. Scanning electron microscopy (SEM) imagery in Figure 1b shows that SYSU-6 had a long rod-like morphology, without obvious impurity observed. Element mappings ( Figure 1c ) indicate that Al, P, O were distributed among the crystals homogeneously. As presented in Figure 1d ,e, transmission electron microscopy (TEM) images show the layers of structures in the framework. However, it is hard to identify the lattice fringes of the layers, which were possibly destroyed under the electron beams.
obvious impurity observed. Element mappings ( Figure 1c ) indicate that Al, P, O were distributed among the crystals homogeneously. As presented in Figure 1d ,e, transmission electron microscopy (TEM) images show the layers of structures in the framework. However, it is hard to identify the lattice fringes of the layers, which were possibly destroyed under the electron beams. The infrared (IR) spectrum of SYSU-6 is shown in Figure S2 . Several weak bands due to the C-H stretching modes of the ada molecules appeared in the range of 1250-1650 cm −1 and 2600-3000 cm −1 . The bands at 1126, 1061, 466 cm −1 are associated with the phosphate oxoanion, and represent P-O or Al-O bending modes [19] . The other typical peaks appearing at 637 cm −1 arose from asymmetric stretching vibration of the P-O-Al unit, suggesting that AlPOs material was formed. Accordingly, the UV Raman spectrum ( Figure S2 ) shows a typical aluminophosphate, with bands below 700 cm −1 corresponding to the Al-O-P structural species and a set of peaks in the range of 900-1100 cm −1 originating with the stretching modes of PO4 [20, 21] .
Single-crystal XRD analysis indicated that SYSU-6 crystallized in the space group P21/n, with detailed information as seen in Table 2 . Table 3 shows the final atomic coordinates and isotropic temperature factors. Selected bond lengths and bond angles are listed in Table 4 . The infrared (IR) spectrum of SYSU-6 is shown in Figure S2 . Several weak bands due to the C-H stretching modes of the ada molecules appeared in the range of 1250-1650 cm −1 and 2600-3000 cm −1 . The bands at 1126, 1061, 466 cm −1 are associated with the phosphate oxoanion, and represent P-O or Al-O bending modes [19] . The other typical peaks appearing at 637 cm −1 arose from asymmetric stretching vibration of the P-O-Al unit, suggesting that AlPOs material was formed. Accordingly, the UV Raman spectrum ( Figure S2 ) shows a typical aluminophosphate, with bands below 700 cm −1 corresponding to the Al-O-P structural species and a set of peaks in the range of 900-1100 cm −1 originating with the stretching modes of PO 4 [20, 21] .
Single-crystal XRD analysis indicated that SYSU-6 crystallized in the space group P2 1 /n, with detailed information as seen in Table 2 . Table 3 shows the final atomic coordinates and isotropic temperature factors. Selected bond lengths and bond angles are listed in Table 4 . Table 2 . Crystal data and structure refinement for SYSU-6. The structure of SYSU-6 contains macroanionic sheets [Al 2 (HPO 4 )(PO 4 ) 2 ] 2− that are chargebalanced by the protonated N,N,3,5-tetramethyladamantan-1-amine. The asymmetric unit ( Figure 2 ) contained two tetrahedral Al sites, three tetrahedral P, and two OSDA molecules. As seen in Table 4 , the Al-O bond lengths were between 1.714-1.740 Å and the O-Al-O angles were between 106.5-112.4 • , which are typical for aluminophosphate materials. Of the three crystallographically distinct P sites, P-O bonds were in the range of 1.480-1.544 Å and the O-P-O were in the range of 105.6-112.1 • . P1 had a hydroxyl group and a P=O double bond, characterized by the longer P1-O3 (1.544 Å) and shorter P1-O1 (1.480 Å) bond distance respectively. P2 and P3 share three oxygen with Al, leaving one oxygen terminal, that is, P2-O6 (1.481 Å) and P3-O6 (1.494 Å) respectively. The shorter length implies the double bond nature of both bonds.
Empirical Formula
Local structures of aluminum and phosphorus in SYSU-6 were studied using 27 Al and 31 P magic angle spinning (MAS) NMR. As shown in Figure 3a , there were three peaks at −13.5 ppm, −17.8 ppm and −22.1 ppm. Previous studies [22, 23] have shown that there are peaks at −13.5 ppm to P1, −17.8 ppm to P2, and −22.1 ppm to P3. This result was in accord with the presence of three inequivalent monophosphate sites in the structure of SYSU-6. The aluminum present in the SYSU-6 framework is mostly tetrahedrally coordinated, as a sharp resonance at 39.8 ppm was observed from the 27 Al MAS NMR spectrum (Figure 3b ). It should be noted that there were two weak signals at ca. 14.9 ppm and −8.4 ppm, suggesting that in the sample there was a small amount of five-coordinate and six-coordinate aluminum, respectively, which was attributed to extra-framework Al species. Symmetry transformations used to generate equivalent atoms are as follows: 1 Local structures of aluminum and phosphorus in SYSU-6 were studied using 27 Al and 31 P magic angle spinning (MAS) NMR. As shown in Figure 3a , there were three peaks at −13.5 ppm, −17.8 ppm and −22.1 ppm. Previous studies [22, 23] have shown that there are peaks at −13.5 ppm to P1, −17.8 ppm to P2, and −22.1 ppm to P3. This result was in accord with the presence of three inequivalent monophosphate sites in the structure of SYSU-6. The aluminum present in the SYSU-6 framework is mostly tetrahedrally coordinated, as a sharp resonance at 39.8 ppm was observed from the 27 Al MAS NMR spectrum (Figure 3b ). It should be noted that there were two weak signals at ca. 14.9 ppm and −8.4 ppm, suggesting that in the sample there was a small amount of five-coordinate and sixcoordinate aluminum, respectively, which was attributed to extra-framework Al species. Symmetry transformations used to generate equivalent atoms are as follows: 1 1 + X,+Y,+Z; 2 1 − X,1 − Y,2 − Z; 3 −1 − X,1 − Y,1 − Z; 4 −X,1 − Y,1 − Z; 5 −1 + X,+Y,+Z. As seen in Figure 4b , unlike other aluminophosphate layers, the two inorganic layers A and B were completely separated by two layers of OSDA molecules with a distance of 18.6 Å to give a large void between the inorganic layers. As seen in Figure 4a , H-bonding was found both intra-layer and inter-layer. The hydroxyl group P1-O3-H3 and P3-O11, where the distance of O3-O11 was 2.50 Å and the angle of O3-H3···O11 was 158.9 • . Strong H-bonding was also found between the inorganic layer and OSDA molecules. The terminal P3=O11 and P2=O6 double bonds provide the H-bonding accepters, whereas, the protonated nitrogen atoms N1 and N2 of OSDA amine provide H-bonding donors to give N1-H1···O6 and N2-H2···O1 with H-bond lengths of 2.641 Å and 2.658 Å and H-bond angles of 176.7 • and 175.9 • respectively.
Symmetry transformations used to generate equivalent atoms are as follows: 1 1 + X,+Y,+Z; 2 1 − X,1 − Y,2 − Z; 3 −1 − X,1 − Y,1 − Z; 4 −X,1 − Y,1 − Z; 5 −1 + X,+Y,+Z. As seen in Figure 4b , unlike other aluminophosphate layers, the two inorganic layers A and B were completely separated by two layers of OSDA molecules with a distance of 18.6 Å to give a large void between the inorganic layers. As seen in Figure 4b , unlike other aluminophosphate layers, the two inorganic layers A and B were completely separated by two layers of OSDA molecules with a distance of 18.6 Å to give a large void between the inorganic layers.
Generally speaking, the inorganic layer of SYSU-6 can be constructed by a 4-ring infinite chain. A "3-step ladder" (Figure 5a ) and "diamond telescopic hanger" (Figure 5b ) are found to be the building units of the chain. The "diamond telescopic hangers" (Al 4 P 6 ) link to each other to form an Al 2 P 3 infinite chain. (Figure 5c ). Interesting, this chain is found in the layers of both SYSU-6 ( Figure 5d ) and 2.2.3.2.002 [16] (Figure 5e ). The only difference is the way to link them together. SYSU-6 is constructed by linking the neighboring Al-P pairs in the "3 step ladder". Whereas, 2.2.3.2.002 is constructed by alternatively bonding one Al in the "3-step ladder" of one chain with one P of the "telescopic diamond hanger" of the adjacent chain. Therefore, the 12-ring pore and 8-ring pore are formed in SYSU-6 and 2.2.3.2.002, respectively. Generally speaking, the inorganic layer of SYSU-6 can be constructed by a 4-ring infinite chain. A "3-step ladder" (Figure 5a ) and "diamond telescopic hanger" (Figure 5b ) are found to be the building units of the chain. The "diamond telescopic hangers" (Al4P6) link to each other to form an Al2P3 infinite chain. (Figure 5c ). Interesting, this chain is found in the layers of both SYSU-6 ( Figure  5d ) and 2.2.3.2.002 [16] (Figure 5e ). The only difference is the way to link them together. SYSU-6 is constructed by linking the neighboring Al-P pairs in the "3 step ladder". Whereas, 2.2.3.2.002 is constructed by alternatively bonding one Al in the "3-step ladder" of one chain with one P of the "telescopic diamond hanger" of the adjacent chain. Therefore, the 12-ring pore and 8-ring pore are formed in SYSU-6 and 2.2.3.2.002, respectively.
Materials and Methods
We performed synthesis of N,N,3,5-tetramethyladamantan-1-amine. 21.8 g 3,5-dimethyl-1adamantanamine hydrochloride (99%, HWRK Chem, Beijing, China) was fist deprotonated by NaOH aqueous solution, then the upper layer was extracted three times with ethyl acetate. After solvent removal by rotavapor, pale yellow liquid of 3,5-Dimethyl-1-adamantane (16.1 g, yield: 90.1%) was obtained. Next, the mixture of 3,5-dimethyl-1-adamantane (16.1 g, 0.09 mol), formic acid (88%, 14.1 g, 0.27 mol) and formaldehyde solution (37%, 21.9 g, 0.27 mol) were added to a 250 mL flask and stirring and heating at reflux temperature 98 °C for 18 h. After cooling, the mixture was alkalized with NaOH aqueous solution (30%) to range 12-13, and the organic phase was extracted with methylene dichloride three times. Then the separated phases were washed with a saturated sodium chloride solution twice and dried with anhydrous Na2SO4 and Na2CO3. After the solvent was distilled off, N,N,3,5-tetramethyladamantane-1-amine (C14H25N, denoted ada) was obtained as a mixture of pale yellow oil and white crystals (22.7 g, yield: 91.2%). 1 We performed synthesis of SYSU-6. Ada was used as the organic structure-directing agent, orthophosphoric acid (85 wt% H3PO4, Aladdin, Shanghai, China) and boehmite (Catapal B, 70.3% Al2O3, letai, Tianjin, China) were used as sources of phosphorus and aluminum, respectively. In a typical synthesis, 145 mg of boehmite was mixed with 1.50 g of distilled water and 354.9 mg of orthophosphoric acid and stirred for 2 h. Then, 419 mg of ada was introduced into the mixture and stirred for another 30 min to ensure homogeneity. The resulting gel, with a molar composition of Al2O3:1.5 P2O5:0.5 ada:20 H2O, was sealed in a 23 mL Teflon-lined stainless-steel autoclave, and then heated at 150 °C for 3 days under static conditions. The rodlike crystalline obtained was filtered and washed with water and ethanol, then dried at 80 °C overnight.
Elemental analysis shows a sample with an experimental C/N ratio of 14.7, which is close to the theoretical value 14.0 of ada. The ignorable discrepancy between the solid-state 13 C MAS NMR of 
We performed synthesis of N,N,3,5-tetramethyladamantan-1-amine. 21.8 g 3,5-dimethyl-1adamantanamine hydrochloride (99%, HWRK Chem, Beijing, China) was fist deprotonated by NaOH aqueous solution, then the upper layer was extracted three times with ethyl acetate. After solvent removal by rotavapor, pale yellow liquid of 3,5-Dimethyl-1-adamantane (16.1 g, yield: 90.1%) was obtained. Next, the mixture of 3,5-dimethyl-1-adamantane (16.1 g, 0.09 mol), formic acid (88%, 14.1 g, 0.27 mol) and formaldehyde solution (37%, 21.9 g, 0.27 mol) were added to a 250 mL flask and stirring and heating at reflux temperature 98 • C for 18 h. After cooling, the mixture was alkalized with NaOH aqueous solution (30%) to range 12-13, and the organic phase was extracted with methylene dichloride three times. Then the separated phases were washed with a saturated sodium chloride solution twice and dried with anhydrous Na 2 SO 4 and Na 2 CO 3 . After the solvent was distilled off, N,N,3,5-tetramethyladamantane-1-amine (C 14 H 25 N, denoted ada) was obtained as a mixture of pale yellow oil and white crystals (22.7 g, yield: 91.2%). 1 We performed synthesis of SYSU-6. Ada was used as the organic structure-directing agent, orthophosphoric acid (85 wt% H 3 PO 4 , Aladdin, Shanghai, China) and boehmite (Catapal B, 70.3% Al 2 O 3 , letai, Tianjin, China) were used as sources of phosphorus and aluminum, respectively. In a typical synthesis, 145 mg of boehmite was mixed with 1.50 g of distilled water and 354.9 mg of orthophosphoric acid and stirred for 2 h. Then, 419 mg of ada was introduced into the mixture and stirred for another 30 min to ensure homogeneity. The resulting gel, with a molar composition of Al 2 O 3 :1.5 P 2 O 5 :0.5 ada:20 H 2 O, was sealed in a 23 mL Teflon-lined stainless-steel autoclave, and then heated at 150 • C for 3 days under static conditions. The rodlike crystalline obtained was filtered and washed with water and ethanol, then dried at 80 • C overnight.
Elemental analysis shows a sample with an experimental C/N ratio of 14.7, which is close to the theoretical value 14.0 of ada. The ignorable discrepancy between the solid-state 13 C MAS NMR of SYSU-6 with the liquid 13 C NMR of the protonated ada ( Figure S3 ) suggests that the template remained mostly intact in the pores.
For characterization, single-crystal diffraction data were recorded on a D8 QUEST diffractometer (Bruker, Karlsruhe, Germany) with MoK α (λ = 0.71073 Å) radiation in sequence at 300 K for |Hada| 2 [Al 2 (HPO 4 )(PO 4 ) 2 ]. The crystal structures were solved by direct methods, and all non-hydrogen atoms were refined anisotropically by least-squares on F 2 using the SHELXTL 2014/7 program [24] . Hydrogen atoms on organic ligands were generated by the riding mode. The responses to the alerts from checkCIF are quoted within the validation response form. The Cambridge Crystallographic Data Centre (CCDC) 1937152 contains the supplementary crystallographic data for this paper.
These data could be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. PXRD was conducted using a SmartLab diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a rotating anode (Cu Kα 1 radiation, λ = 1.5406 Å). SEM images and corresponding energy-dispersive X-ray analysis (EDX) were obtained using a Quanta 400 Thermal Field Emission Environmental SEM (FEI Company, Hillsboro, OR, USA). TEM images were acquired on a JEM-ARM200P (JEOL, Tokyo, Japan), operating at 200 kV. The UV Raman spectroscopy was recorded in the range of 200-1200 cm −1 nm on LabRAM HR Evolution (Horiba, Paris, France). The IR spectrum was collected within the range of 4000-400 cm −1 on Nicolet 6700 (Thermo Scientific, Waltham, MA, USA) Fourier transform infrared (FI-IR) spectroscopy. Elemental analysis was performed on a Vario-ELCHNS elemental analyzer (Elementar Analyzensysteme GmbH, Hanau, Germany). The solid-state 27 Al, 31 P, and 13 C MAS NMR spectra were collected using a Bruker Advance 400 spectrometer with 79.49 MHz (Bruker BioSpin, Switzerland). The liquid 13 C-NMR spectrum was recorded on a Bruker advance III 400MHz spectrometer (Bruker BioSpin, Fällanden, Switzerland).
Conclusions
This work has presented and characterized a 2-D aluminophosphate·|Hada| 2 [Al 2 (HPO 4 )(PO 4 ) 2 ] with new topology. The layer characterized by a 4, 12 ring net interwoven with a chain composed of an edge-sharing 4-ring and vertex-sharing 4-ring. Furthermore, the structural similarity and difference, that is, the different ways to connect a common chain, was discussed. This new structure has the potential to further set up a 3-D framework zeolite through condensation of additional Al unit bridges between the two layers.
Supplementary Materials: The Supplementary Materials are available online. Figure S1 : IR spectrum of SYSU-6 with the range of 400-4000 cm −1 ; Figure S2 : UV Raman spectrum excited with 325 nm of SUSY-6 with the range of 200-1200 cm −1 ; Figure S3 : The solid-state 13 
